ABSTRACT: Defining pathways for amyloid assembly could impact therapeutic strategies for as many as 50 disease states. Here we show that amyloid assembly is subject to different forces regulating nucleation and propagation steps and provide evidence that the more global β-sheet/β-sheet facial complementarity is a critical determinant for amyloid nucleation and structural selection.
T he prion hypothesis posits that protein condensates function as infectious agents underpinning many disease states.
1,2 These amyloid assemblies can accumulate as fibers in brain plaques but can also access certain infective conformations that propagate through sustained Darwinian-like evolution 3, 4 for decades. The mechanism of how these structures arise, diversify, and propagate remains under active investigation. 5−8 Ostwald's rule of stages suggests that a less stable phase may appear first and accelerate the formation of more stable phases. 9, 10 Evidence obtained with simple peptides suggests that initial liquid−liquid transitions create metastable phases where peptides access β-sheets.
11 −16 The β-sheets may stack as laminates 11, 12 to create a stable cross-β nucleus capable of sustained template-directed propagation. 13,14,16−20 This twostep nucleation 21−23 would place assembly nucleation and propagation in distinct environments and diversify assembly. 22−24 By defining the intermediates in a pH-dependent pathway, we now argue that in addition to electrochemical dynamics, 13−15 a more global consideration of β-sheet facial complementarity 11 contributes dominantly to assembly nucleation. Furthermore, template-directed propagation of the nucleus can lead to altered strand arrangements, which appear as propagation mutations. Together, these pathway dynamics can contribute significantly to the phase diversity accessible in these multistep processes.
The Aβ (16−22) peptide, Ac-KLVFFAE-NH 2 , is designated as the nucleating core 25 of the Aβ peptide of Alzheimer's disease (AD) and has a final assembled structure 26 that is sensitive to environmental pH (Figure 1) . 27, 28 At neutral pH, cross-strand pairing between the positively charged K16 and the deprotonated C-terminal E22 side-chain carboxylate stabilizes in-register β-sheet strand arrangements in fibers (Figures 1a,c and 2d) . 11, 27 At acidic pH, the protonated E22 side chain weakens the K16−E22 salt bridge, and the strands shift out of register and give hollow nanotubes (Figures 1b,d and 2h). 11 As highlighted in Figure 1b ,d, the cross-strand packing of the bulky valine against the smaller alanine side chain 29 stabilizes the antiparallel out-of-register strands. This arrangement places complementary charged side chains and positionally matched hydrophobic surfaces between the β-sheet faces (Figure 1d ), achieving greater facial complementarity 11 across neighboring β-sheets. This arrangement has previously been suggested to stabilize sheet lamination, allowing access to helical ribbons and ultimately the nanotubes (Figure 2h ). 11, 18, 30 The switch from antiparallel out-of-register strands to antiparallel in-register strands requires more than mere slippage, as the peptide must rotate 180°along its long axis, likely requiring dissociation from the β-sheet. Circular dichroism (CD) analyses provide evidence for the growth of β-sheet content in the assemblies. Under neutral conditions ( Figure 3, black) , the characteristic β-strand negative ellipticity at 217 nm develops almost immediately and plateaus after 5 days. In acidic environments, however (Figure 3, blue) , the growing ellipticity is delayed for almost 4 days, then grows at a similar rate, and plateaus after 10 days with the significantly stronger molar ellipticity expected for the nanotubes. 11 In both cases, the growth in β-sheet secondary structure is consistent with the morphological transitions observed by TEM.
Amide-I stretching transitions provide a direct assessment of strand registry in β-sheets via extended normal mode coupling ( Figure S1 ). 31−35 Figure 4 contains fits to the isotope-edited infrared (IE-IR) spectra of the enriched [1- −d and  S1) , 15 the fits allow us to argue that the antiparallel out-ofregister β-sheets predominate initially under both pH conditions (Figures 4, S2, and S3) . While the absolute concentrations cannot be determined without the molar absorptivity for peptide orientations, a slight but significant strengthening in normal mode delocalization occurs from day 4 to day 10 under acidic conditions (Figures 4e and S2) , consistent with the transition to nanotube morphology. At neutral pH, the early antiparallel out-of-register sheets transition completely to the in-register strands of fibers over 2 weeks (Figures 4f and S3) . 18, 36, 37 The initial ordering of Aβ(16−22) strands at neutral pH into antiparallel out-of-register β-sheets was unexpected. Our operating hypothesis was that Aβ(16−22) nucleation at neutral pH would be dominated by electrostatic forces in the particles 14, 15 and that the Aβ(16−22) peptides would initially adopt antiparallel in-register β-sheets stabilized by the crossstrand paired K/E residues (Figure 1a,c) . In a related study on Aβ(16−22)E22Q, Ac-KLVFFAQ-NH 2 , 14, 15 which has no Cterminal charge, also forms antiparallel out-of-register strands initially and then transitions to parallel strands as a result of Q cross-strand pairing. These analyses were consistent with charge repulsion in the particle phase driving antiparallel assembly, but here the electrostatic dynamics do not explain the out-of-register selection, suggesting other contributing factors.
As shown in Figure 1b ,d, both the polar and nonpolar side chains in out-of-register antiparallel β-sheets are positioned for stabilizing electrostatic and hydrophobic stacking, suggesting that the limiting constraint on nucleation arises from global β-sheet stacking and facial complementarity in the desolvated particle. 11 The hydrophobic effect in the desolvated particle remains to be quantified, as does the number of stacks needed to stabilize a persistently propagating nucleus. 18, 37 These results provide insight into how the selected nucleus serves as a template for diverse peptide phase propagation. 38 Differential solvation during propagation is expected to modulate electrostatic energetics, allowing salt bridge crossstrand pairing to lock the incoming peptide into a conformation distinct from the template. For Aβ (16−22) at neutral pH, a simple shift of registry is insufficient (Figure 1b,d) , as the peptide must rotate to access the K/E salt bridge and lock the new strand into the final antiparallel in-register sheet ( Figure  1a,c) . Subsequent propagation of this new template might drive the transition from ribbons to fibers.
14 Such stepwise processes are consistent with previous modeling studies 39 and may explain many of the anomalies observed in earlier studies on different model peptides. For example, previous IE-IR experiments 13 suggested two assembly mechanistic pathways to give a single final structure and that concentration differences could differentially impact the rates of nucleation and propagation much as in polymer synthesis. These conformational transitions, mediated specifically by environmental changes, 20 are not only expected to diversify the range of structures available to model peptide amyloid assemblies but also should be far richer in the complex cellular matrix where so many amyloid diseases are initiated. The nature of the initial nucleation phase may well depend on different cellular protein and membrane surfaces, and understanding the nucleation and propagation mechanisms in cellular environments will become increasingly critical to defining disease etiology. Moreover, these assembly mechanisms in multistep processes have already been used to extend the design and construction of new selfassembling mesoscale materials. 
